Objectives The aim of this report is to describe the identification of a novel vitamin D metabolite, a C-3, alphaepimer of 25-hydroxycholecalciferol (3-epi-25(OH)D 3 ), in serum and plasma extracts of cat blood and compare its abundance in cat, dog and rat serum to 25-hydroxycholecalciferol (25(OH)D 3 ), a conventional marker of vitamin D status. Methods Serum 25(OH)D 3 and 3-epi-25(OH)D 3 concentrations were measured in healthy cohorts of cats (n = 8), dogs (n = 8) and rats (n = 17) using validated reverse and normal-phase high-performance liquid chromatography methods. The methods were verified using liquid chromatography tandem mass spectrophotometry. Dietary intake and dietary concentrations of vitamin D were also measured for evaluation of species differences and effect of dietary change on vitamin D metabolite concentrations. Differences between cat serum and plasma metabolite concentrations were determined. Results Detectable concentrations of 3-epi-25(OH)D 3 were observed in all cats and rats. No 3-epi-25(OH)D 3 was detected in dogs, where our limit of detection was 5 ng/ml. There were significant differences (P <0.05) in serum concentrations of 25(OH)D 3 and 3-epi-25(OH)D 3 among species, with cats having the greatest concentrations of both metabolites. Serum and plasma results were not significantly different. A diet change, which resulted in an increase in vitamin D intake among the cats, affected serum concentration with an increase (P = 0.004) in 3-epi-25(OH)D 3 but no significant change in 25(OH)D 3 . Conclusions and relevance Serum and plasma of cats contain 3-epi-25(OH)D 3 in varied and extraordinary concentrations, much greater than in rats and certainly than that of dogs, a species for which the metabolite was not detected. Importantly, this finding indicates a C-3 epimerization pathway is quantitatively significant for vitamin D metabolism in domestic cats, making 3-epi-25(OH)D 3 assays essential for the evaluation of vitamin D status in cats and positioning the cat as a novel model for study of this pathway.
Introduction
Vitamin D is an essential nutrient that has diverse physiological roles in people and animals well beyond recognized functions in mineral metabolism and skeletal health. 1, 2 Therefore, food fortification of vitamin D is an important health issue for people and companion animals. Dietary fortification is especially important for cats as cats rely solely on dietary sources of vitamin D. Vitamin D produced in skin as a result of ultraviolet radiation (UVR) exposure is negligible in cats, 3 presenting cats as an attractive model in which to efficiently evaluate relationships between vitamin D and health. Low vitamin D status in cats, as determined from measured serum 25-hydroxycholecalciferol (25(OH)D 3 ) concentrations, has been observed in cats with inflammatory bowel disease, intestinal small cell lymphoma and infections. 4, 5 A recent study also found serum 25(OH)D 3 measurements were a predictor of mortality in hospitalized cats. 6 Despite the recent increase in research investigating the relationship between vitamin D metabolite concentrations and health, comparatively little is known about vitamin D functionality and metabolism in cats.
Dietary vitamin D can be acquired through ingestion of two chemical forms: cholecalciferol (vitamin D 3 ) and ergocalciferol (vitamin D 2 ). The diet of companion animals contains almost exclusively vitamin D 3 , the form of vitamin D synthesized from 7-dehydrocholesterol in the skin of some animals and subsequently transported to the liver. Vitamin D 2 is synthesized in plants from ergosterol by UVR and may be found in animal tissue in proportion to that animal's dietary intake. The bioavailability of vitamin D 2 compared with vitamin D 3 is reportedly lower in cats than in other species, with the bioavailability difference of the vitamin D forms appearing to depend on the mode and matrix of administration. Cats given a diet containing equal concentrations of vitamin D 3 and D 2 used vitamin D 2 with 31% less efficiency for production of the 25-hydroxyvitamin D metabolites. 7 In clinical nutrition, supplemental vitamin D 2 is sometimes utilized in place of D 3 during dietary antigen elimination trials to avoid animal sources of vitamin D (ie, wool lanolin). For this and other reasons, a vitamin-mineral mix for balancing home-prepared diets, used widely by veterinary clinical nutritionists, underwent a formulation change, including the substitution of vitamin D 3 with vitamin D 2 (Balance IT Feline; DVM Consulting).
Given the reputed bioavailability differences of vitamin D forms and the increasing use of vitamin D 2 , we began researching potential effects of the dietary matrix on vitamin D 2 bioavailability in cats. A methodological difficulty encountered early in this undertaking serendipitously revealed substantial occurrence of a serum vitamin D metabolite that, to our knowledge, has not been previously reported in cats. The present report describes the identification of the metabolite as a 3-C epimer and its abundance in cats compared with dogs and rats.
Materials and methods

Animals
All animals were cared for in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and all procedures were approved by the Animal Care and Use Committee of the University of Missouri.
Serum from jugular venous blood was analyzed from eight university-owned, purpose-bred, healthy male neutered domestic shorthair cats, approximately 5-10 years of age and lean body condition (ie, 5 on a scale of 1 to 9). The cats were group-housed except for daily periods (6-8 h) of single housing for monitoring of food intake. Water was continuously available. Body weights were recorded weekly.
Serum from rats and dogs was also collected for determination of vitamin D metabolite concentrations. The rats were obtained from another university investigator who had completed a study and intended to euthanize them. The rats were wild-type Wistar females (n = 8, 4-5 months of age; Charles River Laboratories) and selectively bred high-runner Wistar males (n = 9, 3 months old). 8 For 24 days prior to euthanasia, the rats were socially housed in pairs except for 4 h of individual housing during diet availability to allow for the collection of diet intake data. Body weights were monitored every 2 days to ensure weight stability. Two rats could not maintain body weight on this schedule, so the duration of available diet was extended to 8-9 h to maintain the body weights of these rats.
Female (n = 3) and male (n = 5) intact, purpose-bred healthy adult (5 years old) Chinese-Crested/Beagle dogs of ideal body conditions and stable body weights (6-11 kg) were also included in the study. The dogs were housed individually during diet presentation, walked daily for socialization and weighed weekly.
Diets
The cats exclusively consumed an extruded, dry-expanded commercial diet ('diet A' [Pro Plan Focus Adult Urinary Tract Health Formula; Nestlé Purina]) for more than 3 years in amounts that maintained their body weights (4.3-7.0 kg) at healthy body conditions prior to initial blood collection for vitamin D metabolite analysis. Blood of 7/8 cats was sampled again after the cats were transitioned to and maintained on a second extruded commercial diet ('diet B' [ProPlan Focus Adult Weight Management Formula Canine; Nestle Purina]) supplemented with taurine to 0.7%. Though marketed as a canine product, the nutrient profile of the second diet met or exceeded the profile recommendations for maintenance of adult cats by the Association of Animal Feed Control Officials (2016). 9 The cats readily consumed this diet and maintained their body weights for more than 6 weeks before blood was collected for vitamin D metabolite analysis.
For their whole life, the rats consumed an extruded pellet diet (Laboratory Rodent Diet 5001; LabDiets). Daily dietary intake was recorded for the cats and rats by calculating the difference between the weighed food offered and food unconsumed after each daily feeding period.
At the time of blood sampling, the dogs had exclusively consumed an extruded, dry-expanded commercial diet (Laboratory Canine Diet 5006; LabDiets) in amounts sufficient to maintain stable body weights and ideal body conditions. Diet intake data were unavailable.
Based on manufacturer claims and/or reported nutrient contents all diets were assumed to be nutritionally complete and balanced for the maintenance condition. The vitamin D content of these diets was determined by a commercial laboratory. 10 Blood sampling Jugular venepuncture with 22 G needles and 5 ml syringes was utilized for blood collection (5 ml) in the cats and dogs after overnight food withholding. Also after overnight food withholding, the rats were exsanguinated under deep anesthesia using cardiac puncture immediately prior to their euthanasia. All blood samples were transferred into 10 ml BD Vacutainer Red-Top collection tubes and centrifuged at 2000 g for 15 mins at 4ºC. Serum was collected and stored at −20ºC.
Experimental design
Several experiments were conducted to quantify serum vitamin D metabolites. in cats, rats and dogs were determined using a previously published high-performance liquid chromatography (HPLC) method. 11 In brief, 1.0 ml serum from each animal was extracted with an equal volume of acetonitrile (CH 3 CN) containing internal standard (400 mg/l 1-phenyl-1-dodecanone; Sigma-Aldrich). The CH 3 CN extract was diluted with two volumes of water and loaded on a conditioned solid-phase extraction (SPE) column (Strata-X 33u, 60 mg; Phenomenex). After washing with 2 ml CH 3 CN-water (35:65 by volume), vitamin D metabolites were eluted with 2 ml CH 3 CN from the SPE columns and dried by centrifugal evaporation for 70 mins. Sample residues were reconstituted with 75 µl ethyl acetate-CH 3 CN (5:95 by volume) and diluted with 55 µl water. A portion (100 µl) was injected on an equilibrated (1.0 ml/min methanolwater [67:33 by volume]), heated (50ºC) stable-bond, cyanopropyl, analytical HPLC column (250 × 4.6 mm [internal diameter] Zorbax, 5 µm, SB-CN, 80Å; Agilent Technologies). Area under the curve of standard peaks, which was proportional to concentrations of 25(OH)D 3 (Cerillant) and 3-epi-25(OH)D 3 (IsoSciences) peaks were observed and linearly correlated with injected mass in the range of 3-10 ng. Linearity and sensitivity of the HPLC method was determined using a fourfold dilution series of 25(OH)D 3 (50 ng/ml, 25 ng/ml, 10 ng/ml and 5 ng/ml).
Identities of the apparent 25(OH)D 3 and 3-epi-25(OH) D 3 peaks in the feline and rat samples were verified by collecting 2 min mobile phase fractions coinciding with elution times of standards for 25(OH)D 3 , 25(OH)D 2 (Santa Cruz Biotechnology) and 3-epi-25(OH)D 3 (IsoSciences). These fractions were dried with centrifugal evaporation then reconstituted with 150 µl of a second HPLC mobile phase (hexanes-isopropanol-methanol, 88:10:2 by volume). Thereafter, 100 µl of the reconstitute was injected into a silica, analytical, HPLC column (Zorbax-SIL column [4.6 × 250 nm]; Dupont Instruments) equilibrated with the mobile phase (1.0 ml/min). The ultraviolet (UV) spectra of sample peaks eluting at the retention time of 3-epi-25(OH)D 3 was determined with a photodiode array detector (996; Waters).
Experiment 2: verification of vitamin D epimer metabolites with liquid chromatography coupled to tandem mass spectrophotometry
The concentrations of 25(OH)D 3 and 3-epi-25(OH)D 3 in serum evaluated in experiment 1 were determined by a liquid chromatography-tandem mass spectrophotometry (LC-MS/MS) by Mayo Laboratories utilizing a validated method that detects C-3 metabolites. 12 Experiment 3: dietary change effect on serum and plasma vitamin D metabolites Blood sampling of the cats was repeated after a diet change and exclusive consumption of diet B for 6 weeks. A portion of blood from each cat (~1.5 ml) was added to a tube containing lithium heparin (56 USP units; D Vacutainer). Serum and plasma were then extracted from the blood samples and stored at −20ºC until later determinations of vitamin D metabolite concentrations by the reverse-phase HPLC analysis method described in experiment 1.
Statistical methods
Analyses were performed using proprietary statistical software (Excel 2016; Microsoft and SAS 9.3; SAS Institute); a P value <0.05 was considered significant. Percentage concentrations of 3-epi-25(OH)D 3 to total 25(OH)D 3 concentration was calculated for each animal. Serum and plasma concentrations of 25(OH)D 3 and 3-epi-25(OH)D 3 in samples from the cats, dogs and rats were assessed for normality using four different statistical tests: Shapiro-Wilk, Kolmogorov-Smirnov, Cramervon Mises and Anderson-Darling. Because all observations were normally distributed, central tendency and variance of the observations are presented as mean and ± SD, respectively, unless otherwise stated. The significance of differences in variable observations between species was determined using ANOVA. Student's t-tests were used to determine the significance of differences in 3-epi-25(OH)D 3 concentrations between the rat and cat samples and sex differences among samples from rats and dogs. Paired t-tests were used for determining significance of differences between HPLC and LC-MS/MS feline vitamin D metabolite data and between the cat metabolite data after change in diet. Linear regression analysis was performed to determine the significance of variable correlations between analytical methods.
Results
Experiment 1: HPLC quantification of vitamin D metabolites in cats, rats and dogs
The SPE extracts of all species samples used for quantification The peaks had 'cis-triene' UV-spectral profiles characteristic of vitamin D structure (ie, maxima and minima at 266 and 228 nm, respectively). 13 No peak was found to elute at the retention time of 25(OH)D 2 with reverse-phase HPLC. Together these observations indicated that the unidentified peak in all feline serum samples was likely the C-3 epimer of 25(OH)D 3 .
Experiment 2: verification of vitamin D metabolites with LC-MS/MS
Among the cat samples, a significant positive correlation was found between the HPLC and LC-MS-derived values for serum concentrations of 25(OH)D 3 (R 2 = 0.859, P <0.001), but not for the serum concentrations of 3-epi-25(OH)D 3 , for which only a non-significant, positive trend was found (R 2 = 0.469, P = 0.061) (Figure 2) . The HPLC-derived values were greater than the LC-MS/ MS-derived values by means (± SEMs) of 28% ± 5% for 25(OH)D 3 (P <0.001) and 13% ± 4% for 3-epi-25(OH)D 3 (P <0.037) ( Table 1) .
Species differences in serum concentrations of 25(OH) D 3 as determined by the reverse-phase HPLC were significant (P <0.0001) ( Table 1) . Among dogs, a mean (± SEM) serum 25(OH)D 3 concentration of 23.0 ± 4.1 ng/ml was observed. The 25(OH)D 3 concentrations were less (P <0.0003) than those found among the cats (Table 1) . Female dogs compared with males had higher (P = 0.01) serum 25(OH)D 3 concentrations by a mean of 30.2%. In contrast, the 25(OH)D 3 concentrations among the rats were greater (P <0.001) in males than females. The 25(OH)D 3 concentrations of the rats were the lowest (P <0.05) among the species. There was a much higher concentration of the serum C-3 epimer of 25(OH)D 3 in cats compared with rats (P <0.001), and a greater (P <0.0004) concentration of 3-epi-25(OH)D 3 in relation to 25(OH)D 3 in cats as compared to rats ( Table 1 ). The mean ratio of C-3 epimer to 25(OH)D 3 among cats was more than twice that observed in rats.
Experiment 3: repeatability and relationship of dietary change
Vitamin D metabolite concentrations were determined in serum and plasma aliquots obtained from all but two cats. Data from one cat were excluded because the cat was not transitioned to the same diet as the other cats. Data from another were unavailable owing to a technical Table 2 ). Occurrence of 25(OH)D 2 was not detected in any of these samples. Serum 25(OH)D 3 concentrations among the cats were not significantly different after feeding diet B (P = 0.232). However, much greater serum concentrations of 3-epi-25(OH)D 3 were observed after feeding the second diet (P = 0.004) ( Table 2 ). The cats' serum concentrations of 3-epi-25(OH)D 3 were not significantly correlated with serum concentrations of 25(OH)D 3 on either diet.
Analyses of the cats' diets revealed that diet B vs diet A had a higher concentration of vitamin D 3 , while both diets contained no detectable vitamin D 2 , where the limit of detection was reported as 0.02 IU D 2 /g (Table 3 ). From food intake observations, it was determined that energy intakes of the cats were not significantly different between diets (P = 0.013). By combining the food intake and dietary vitamin D concentrations, it was determined that each cat consuming diet B had more than four times the intake of vitamin D 3 per day per kg body weight than when they were consuming diet A (Table 3) .
Discussion
The main finding of this study is that a C-3 epimeric form of 25(OH)D 3 occurs in the blood of cats in amounts, that to our knowledge, is greater than those reported in the blood of other species. 14, 15 Various means of study have demonstrated synthesis of C-3 epimeric forms of 25(OH) D 3 and other vitamin D metabolites in cell cultures. 16 These investigations have not fully elucidated tissue sources of the C-3 epimers, but they point to a unique C-3 epimerization pathway that variably occurs in multiple tissues. Findings of the present study indicate that a C-3 epimerization pathway is quantitatively significant for vitamin D metabolism in domestic cats, and that its activity may change because the epimer concentrations were observed to vary among individuals and diets (Table 1) . Our analytical methods showed detectable levels of the C-3 epimer in all of the cats and rats, but none of the dogs, where our limit of detection was 5 ng/ml (Figure 3 ). These clearly detectable and wide ranges of C-3 epimer concentrations in the cats are similar findings in adult populations of people. 16 The reverse-phase HPLC method upon which we based our analyses was previously used by investigators to detect the C3-epimer in 99% of their surveyed human being population ranging in age of 1-80+ years. Among those evaluated, a mean 3-epi-25(OH)D 3 concentration of 3.75 nmol/l (1.5 ng/ml) was reported, while the C-3 epimer concentrations ranged from 0.25 to 59.25 nmol/l (0-23.7 ng/ml) and represented up to 25.5% of the total 25(OH)D 3 concentration. 14 The discovery that vitamin D 3 in people can undergo an alternative, unidirectional C-3 epimerization metabolism is a recent finding. While epimerization is an important chemical process for regulating certain steroid hormones, the biological significance of C-3 epimerization of vitamin D has yet to be determined. 15 The limited number of studies investigating the function of the epimerization pathway report that the 3-epi-1,25-dihydroxyvitamin D (3-epi-1,25(OH) 2 D) metabolite can bind to the vitamin D receptor but with reduced biological activity compared with its non-epimeric counterpart, calcitriol. 17 Some of these studies further show that 3-epi-1,25(OH) 2 D possesses regulatory effects, including antiproliferative and differentiation activity. 16 The epimer has also been documented to suppress parathyroid hormone secretion equally to the non-epimeric form, but without inducing other classical calcemic effects. 18 Whether 3-epi-1,25-dihydroxyvitamin D 3 occurs in detectable concentrations in cats has yet to be determined. Cats might synthesize 3-epi-1,25-dihydroxyvitamin D 3 from calcitriol or from the abundance of 3-epi-25(OH)D 3 in circulation that we identified in this report. Investigators using recombinant Escherichia coli cell systems reported that 3-epi-25(OH)D 3 may be C-1-α-hydroxylated by CYP27B1 to form 3-epi-1,25(OH) 2 D 3 . 19 Owing to possible clinical relevance and the controversies in the correlation of vitamin D on noncalcemic outcomes such as cancer, diabetes and autoimmune disorders, the discovery of a vitamin D C-3 epimeric pathway in cats is intriguing. Since the recognition of the epimeric form of 25(OH)D 3 in blood samples of people, analytical chemists have continued to attempt to produce a standardized quantification method for specific vitamin D metabolites. 16 Therefore, it is not surprising for us to have seen a modest variance in our HPLC and LC-MS/MS results (Figure 2 ). Previous studies performed by us have found a similar discrepancy in serum 25(OH)D 3 concentrations in dogs between different analytical methods. 20 Utilizing both the HPLC and LC-MS/MS methods not only allowed verification that the C-3 epimer peak was real and not an artifact of analytical processing, but it also impressed upon us a need for standardization of vitamin D analytical methodology, especially in cats, which appear to have substantial concentrations of the C-3 epimer.
In 2011, the International Vitamin D External Quality Assessment Scheme evaluated 14 different methods for their ability to detect the C-3 epimeric and non-epimeric forms of 25(OH)D 3 . 16 Previous studies have suggested that the C-3 epimer of 25(OH)D 3 is produced primarily endogenously, and its production is dependent upon dietary vitamin D intake. 15 Our study showed that despite lower dietary consumption of vitamin D on an IU/kg body weight basis, cats maintained higher serum concentrations of both 25(OH)D 3 and 3-epi-25(OH)D 3 metabolites than rats (Table 1 ). This species difference could be attributed to dietary factors such as differences in dietary matrices or nutrient bioavailabilities, and/or attributed to animal factors such as differences of endogenous vitamin D metabolism or clearance. The significantly higher 3-C epimer concentrations in cat serum, could reflect that domestic cats, compared with rats, utilize the C-3 epimeric pathways more than the traditionally recognized non-epimeric pathways for vitamin D metabolism. Serum concentrations of 25(OH)D 3 were relatively stable within each cat despite increased ingestion of vitamin D through consumption of diet B. In contrast, with ingestion of the second diet, serum concentrations of 3-epi-25(OH)D 3 were markedly increased among the cats. A readily utilized 'detoxification' mechanism could explain why cats show a resistance to vitamin D toxicity. In a study that supplemented dietary vitamin D 3 at 63 times the amount recommended by the National Research Council (NRC), 21 after 18 months, cats did not show signs of vitamin D toxicosis despite having a mean (± SEM) serum 25(OH)D concentration of 1071.9 ± 115.3 nmol/l (429.4 ng/ ml). 22 Investigators of the study concluded that cats are very tolerant of high plasma concentrations of 25(OH)D when fed an otherwise nutritionally complete and balanced diet. With respect to 3-epi-25(OH)D 3 as a possible detoxification product, it is important to note that the investigators of that study measured plasma 25(OH)D concentrations by a protein-binding assay, a technique that likely did not distinguish 25(OH)D from its C-3 epimer. In contrast, dogs are more susceptible to hypervitaminosis D where the safe upper limit recommended by the NRC for dietary vitamin D is 2.6 µg/kg body weight 0.75 or 5.8 times the recommended allowance. 21 While the C-3 epimer was not detected in canine samples, it does not eliminate the possibility that dogs are capable of utilizing the epimeric pathway. Most survey studies in people do not find detectible serum concentrations of 3-epi-25(OH)D 3 in all participants. 16 15 fed a single diet. They observed no sex difference in initial 25(OH)D 3 concentrations, but female rats had a more prominent serum 25(OH)D 3 and 3-epi-25(OH)D 3 response when supplemented with exogenous vitamin D and/or C-3 epimer. Greater numbers of dogs and rats of both sexes, in which diet, age and body condition is controlled, are needed before a definitive conclusion on sex influence can be determined.
The small sample size is a limitation of this study, and only male cats were represented; therefore, future studies should survey both sexes of a larger population of cats. Our investigations of the occurrence of 3-epi-25(OH)D 3 in the serum of rats served primarily to validate that our methodology detected the epimer in a species in which its existence was previously described. A more definitive description of the epimer in rats would investigate strain differences and control for differences in conditioning. The sample population of dogs was also limited in number and to a single genetic background.
To better assess metabolism and source of C-3 epimer, an exogenous vitamin D supplemental trial using identical diets can be performed. In all species, further studies are also required to explain the organ or tissue source(s) and enzyme(s) responsible for epimerization.
Conclusions
To our knowledge, this is the first report of C-3 epimer measurements in cats. Our findings indicate that cats utilize an epimeric pathway for vitamin D metabolism. The function and health significance of the previously unrecognized metabolite is unknown. Because of its apparent abundance in circulation, concentrations of the epimer should be determined in feline research evaluating vitamin D status as an outcome or predictor. A current challenge for human and companion animal research is to clarify whether vitamin D is causally linked to the numerous non-skeletal disorders where correlations of vitamin D status and disease have been identified, or if vitamin D status can be used as a marker. Based on our findings, it is reasonable to conclude that prominent species differences exist for vitamin D metabolism. Owing to an apparently high utilization of a C-3 epimerization pathway for vitamin D in cats, it would appear that a feline model may be beneficial for use in future studies exploring the C-3 epimer's role in the relationship between vitamin D and health.
